INTRODUCTION
Radon is a naturally occurring radioactive gas generated by the decay of uranium bearing minerals in rocks and soils. Lung cancer caused by exposure to radioactive radon gas and its decay products is the most common type of radiation induced injury among occupationally exposed workers (1, 2) . The history of lung cancer in uranium miners is well known for over hundreds of years when the disease was referred to as 'miner's disease' or 'mountain sickness'. Recent scientific studies have provided strong evidence to link an increased risk of developing lung cancer to levels of radon found in homes (2, 3) . Exposure to indoor radon is identified as the main source of natural radiation exposure to the population.
To effectively protect the public from indoor radon exposure, the Canadian radon guideline was lowered from 800 to 200 Bq m −3 in 2007, and a National Radon Program (NRP) was developed and implemented. Significant progress has been made in all components of the Program since its inception in 2007 (4, 5) . However, the Program is facing challenges to further increase radon awareness, and more importantly to encourage more Canadians to take appropriate actions to reduce radon exposure. In order to demonstrate the importance of the NRP for the purpose of radiation protection, a study was conducted to compare radon exposure in Canadian homes and uranium mines.
DATA SOURCES
The National Dose Registry (NDR) is Canada's official repository for occupational radiation dose records (6) . It began in 1951 as part of Health Canada's National Dosimetry Service, which monitored workers in Canada exposed to ionizing radiation. It has since become a separate program within Health Canada's Radiation Protection Bureau and now collects and maintains individual and collective dose records for more than half a million workers, including well over 100 000 who are currently monitored.
Job class is a particularly important field for extracting and compiling data for research and, as a result, new job classes are added from time to time to improve the precision with which dose can be correlated with specific types of work. Currently, there are a total of 21 job categories in the NDR database. For example, uranium mine has been a job category since 1957 while a job category for non-uranium mine was added in 1981. In this study, underground and surface workers in uranium mines are considered.
In the NDR, exposure to radon decay products has been recorded in Working Level Month (WLM) for all registered workers in the mining industries. The Working Level (WL) is defined as a concentration of potential alpha energy of 1.3 × 10 8 MeV m −3 . For occupational exposure, 1 month was taken to be 170 h. Since 1 MeV = 1.602 × 10 −13 J, there is 1 WLM = 3.54 mJ h m . In this study, radon exposures to workers in uranium mines were analysed for the past 34 years from 1980 to 2013.
Statistics of indoor radon concentrations in Canadian homes were taken from the two national surveys, the recent Cross Canada residential radon survey carried out in roughly 14 000 homes in 121 health regions across Canada (7) and the radon and thoron survey in 33 Canadian cities and 4000 homes (8) .
RESULTS AND DISCUSSION
Based on the recent radon survey carried out in roughly 14 000 homes in 121 health regions across Canada (7) , the observed radon concentrations follow a log-normal distribution with a geometric mean (GM) of 41.9 Bq m −3 and a geometric standard deviation (GSD) of 2.8. The population weighted arithmetic mean (AM) concentration of radon was 72 Bq m −3 (4, 7) . A later radon and thoron survey in 33 Canadian cities and 4000 homes (8) confirmed the radon distribution observed in the cross Canada radon survey. The results of the later survey showed a population weighted AM concentration of 96 Bq m . Workers in uranium mines are grouped into underground workers and surface workers in this study. Underground workers include underground personnel (job class 601 in the NDR database), underground miner (job class 610) and underground maintenance (job class 630). Surface workers include surface personnel (job class 602), surface miner (job class 650), surface support workers (job class 660) and surface maintenance (job class 670). Number of workers in uranium mines are given in Figure 1 for underground workers and surface workers, respectively. In recent 15 years, more workers perform surface activities than underground works.
Average radon exposures in WLM for workers in underground and surface activities are given in Figure 2 from 1980 to 2013. Canada's uranium mines are among the most highly regulated industrial operations in the world. Both federal and provincial authorities play a significant role in inspecting and examining the mine operations to ensure that both employees and the environment are protected. Due to concerted long-term efforts of radiation protection in occupational settings, radon exposure levels have decreased significantly among workers in uranium mining industry, as demonstrated in Figure 2 .
In the recent decade (2004-13), radon exposure in uranium mines was rather stable. The annual WLMs for workers in uranium mines averaged over the past 10 years were 0.14 and 0.014 WLM for underground workers and surface workers, respectively. In the current operation of uranium mines, radon exposure to underground workers is~10 times higher than the exposure received by surface workers.
The above results are the averages over all workers, either all underground workers or all surface workers. Some workers had zero radiation dose in their annual records. It should be mentioned that all radiation doses below detection limit were registered as zero. Since underground workers receive generally higher radon dose than surface workers, the following discussion is then focused on underground workers. In the recent decade, there were~20% of underground workers receiving non-detectable radon exposure each year. Averaged over the past 10 years (2004-13) for underground workers with annual WLM > 0, the annual radon exposure was 0.18 WLM. We may consider the average radon exposure of 0.18 WLM as the worst case for workers in uranium mines.
For most purposes, it is adequate to use an equilibrium factor of 0.4 and an occupancy of 2000 h per year at work and 7000 h per year indoors at home. On this basis, a continued exposure to a radon concentration of 1 Bq m −3 results in an annual exposure Figure 1 . Numbers of workers in underground and surface activities of uranium mines (6) . Figure 2 . Annual average radon exposure in unit of WLM for underground and surface workers in uranium mines (6) .
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J. CHEN at work of 1.26 × 10 −3 WLM and at home of 4.4 × 10 −3 WLM, respectively (9) . In the ICRP Publication 65 (9) , the effective dose per unit exposure to radon and its progeny was obtained using the so-called dose conversion convention. This approach compared the detriment per unit exposure to radon and its progeny with the total detriment associated with unit effective dose, estimated largely on the basis of studies of Japanese atomic bomb survivors. The values given were 5 mSv per WLM for workers and 4 mSv per WLM for members of the public. Recently, the ICRP has concluded that radon and its progeny should be treated in the same way as other radionuclides within the system of protection (10) . That is, doses from radon and its progeny should be calculated using biokinetic and dosimetric models. There are many sources of variability and uncertainty in calculation of the dose to the lungs per unit exposure to radon progeny, such as breathing rates, size distribution of radon progeny, and the identification of target cell locations within bronchial and bronchiolar epithelium. Using dosimetric models, the dose coefficient has been calculated for dwellings and in mines. The results were similar, even though environmental conditions were quite different between homes and mines (11, 12) . A dose conversion coefficient of 12 mSv per WLM was then recommended by the ICRP (10, 11) for both residential and occupational settings.
Based on these conversions, exposure to 77 Bq m −3 at home for a year will result in an annual exposure of 0.34 WLM. According to the ICRP Publications 115 and 126 (10, 11) , an annual radon exposure of 0.34 WLM equals to an effective dose of 4.1 mSv with regards to the risk of developing lung cancer. Similar conversions can be done for radon exposure in workplaces. Results of average radon exposure in residential homes and for surface workers, underground workers and the worst exposure situation in uranium mines are summarized in Table 1 .
The results showed clearly that the average radon concentration in residential homes is comparable to the average radon levels in uranium mines. Workers in uranium mines are not necessarily exposed to higher radon level in their workplace than in their homes.
Because people spend more time at homes than in workplaces (typically 2000 h per year at work and 7000 h per year indoors at home), for an underground miner, the annual effective dose from exposure to indoor radon at home could be more than twice the dose received in a underground mine, even though he may expose to somewhat higher radon level at workplace.
As mentioned in the introduction, lung cancer caused by exposure to radioactive radon gas and its decay products was first observed among uranium miners. In observational studies, such as radon epidemiological studies in uranium mines, confounding is an important issue to address (12) . On the simplest level, confounding may be considered a confusion of effects. Specifically, the apparent effect (such as lung cancer among miners) of the exposure of interest (such as radon in mines) is distorted because the effect of extraneous factors (such as radon at homes) is mixed with the actual exposure effect. Results of this study clearly show that the distortion introduced by workers exposed to radon at home can be large. The confounding from radon at home can lead to overestimation of radon effect among miners.
CONCLUSIONS
From the Canadian radon survey in~14 000 homes and simultaneous radon-thoron survey in 4000 homes, the average radon concentration in Canadian homes is estimated to be 77 Bq m −3 . Radon levels in uranium mines have decreased significantly over the past 30 years as a result of effective radiation protection measures in workplaces. For the most recent 10-year period, the average radon concentrations to underground and surface miners were 111 and 11 Bq m −3 , respectively. These results clearly demonstrate that, nowadays, Canadians are exposed to a comparable level of radon in their homes as underground miners. This study indicates that residential radon exposure could be a significant confounding factor for epidemiological studies of occupationally exposed underground miners.
In conclusion, the former 'miner's disease' is a risk for all of us at home. With an effective NRP, the risk of radon induced lung cancer can be significantly 
